ABSTRACT The internal photosynthetic membranes of a photosynthetic bacterium, Rhodopseudomonas viridis, have been studied with a variety of electron microscope techniques. The membranes are composed of a sheet of apparently identical subunits arranged in a hexagonal fashion. The individual subunits repeat at a distance of 110 A. Optical transforms have been used to enhance micrographs of this ordered membrane, and the images synthesized in this way show details of each subunit. The individual subunits are asymmetric, differing slightly in appearance at the outer and inner surfaces of the membrane, and these surface patterns seem to be combined in the image of the thylakoid membrane in negative stain. These studies fix a maximum size for the photosynthetic unit of R. viridis and suggest the suitability of this membrane for further diffraction analysis. The light reaction of photosynthesis takes place in specialized membranes found in photosynthetic bacteria and blue-green algae and in the chloroplasts of green plants and eukaryotic algae. The structural organization of these membranes in eukaryotic systems has been intensively studied, and several general models for the organization of the photosynthetic membrane have been suggested (see refs. 1-3 for reviews). However, no general pattern for the organization of the prokaryotic photosynthetic membrane has been reported, and there have been few attempts to study the architecture of either bacterial or algal prokaryotic photosynthetic membranes in a systematic fashion.
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This report will deal with the architecture of the photosynthetic membranes of Rhodopseudomonas viridis, a photosynthetic bacterium. This organism has been chosen for study because of an earlier report by Giesbrecht and Drews (4) Isolated membranes were spread on carbon-coated Formvar films for negative staining, and uranyl acetate (2% aqueous) was applied directly to the samples. Stained samples were air dried.
All micrographs were made with a Philips 300 electron microscope operating at 80 kV, and magnifications were calibrated with the use of a grating replica.
Optical transforms were recorded and filtered images were prepared on an optical bench according to the methods of deRosier and Klug (5) . Some filtered images were also prepared by digital techniques (7).
RESULTS
The thylakoid membranes of R. mridis are lamellar in nature.
Fig . 1A shows the general disposition of the thylakoid membranes in the organism. En bloc staining techniques reveal the periodic nature of the membrane in grazing sections (Fig. 1B) . This periodic character is not observed in thin section unless the cells have been extensively stained with uranyl acetate.
The freeze-fracturing technique has been shown in other systems to split biological membranes and reveal internal details of membrane organization (8 a relatively smooth background matrix. However, under good shadowing conditions ( Fig. 2A ) a distinct hexagonal pattern is observable in this matrix, although the distribution of particles on the matrix is still apparently random. When isolated biological membranes are frozen in dilute buffer solutions, ice can be sublimed from the frozen surface prior to the formation of a metal replica. In this manner the surfaces of the membrane can be exposed for study. Two slightly different surfaces were exposed in this way (Fig. 2 B and C), and these seem to correspond to the inner and outer surfaces of the R. viridis thylakoid membrane. The highly ordered nature of the membrane is evident at once in these micrographs, as well as the slight differences between the inner and outer surfaces of the membrane. Although the essential lattice pattern is the same on both surfaces, the particles within the hexagonal lattice are distinctly smaller on the inner membrane surface than those observed within the lattice on the outer membrane surface. Interestingly, the hexagonal membrane lattice is far more evident in these surface views of the membrane than in replicas made from freeze-fracture preparations ( Fig. 2A) .
Membranes examined by means of the negative-staining technique (Fig. 3) display the greatest amount of structural detail. The hexagonal lattice is clearly visible, and some substructure within each of the subunits can also be observed. An optical diffraction pattern obtained from this micrograph is shown in Fig. 3B . The regular nature of the membrane lattice makes it possible to form filtered images of the membrane according to the methods of deRosier and Klug (5), and such an image is shown (along with an unprocessed image in Fig. 3C for comparison) in Fig. 3D . Each unit contained in the hexagonal lattice contains a central region of low electron density. Due to the nature of the negative staining technique, it is quite likely that each of these regions represents surface structures on the membrane that are capable of excluding the electronopaque stain. 
DISCUSSION
The crystalline nature of R. vidis thylakoid membrane is evident in all of the micrographs presented here. It is this repeating structure that makes the R. vdridis thylakoid membrane such a promising subject for ultrastructural analysis. Nevertheless, it is clear that this regular pattern of organization is not typical of photosynthetic bacteria. My own search of the literature supports the observation of Drews (9) that the lattice structure of the R. vWidis thylakoid is unique among photosynthetic bacteria that have been studied to date. Despite this fact, many spectroscopic and bioenergetic studies of the R.
vridis thylakoid membrane support the contention that the photosynthetic characteristics of this thylakoid are typical of photosynthetic bacteria (10) (11) (12) . It seems quite likely, therefore, that the R. vridis thylakoid will serve as a useful model for the structural analysis of the bacterial photosynthetic membrane.
In this study, I have presented micrographs of the R. vtridis thylakoid membrane obtained from four very different electron microscope preparation techniques. The regular lattice of structural units in the membrane makes the comparison of images obtained in this way much easier, and also makes possible diffraction analysis of high-resolution micrographs. Thin sections of the membrane stained en bloc with uranyl acetate show periodic regions of high electron density in a regular hexagonal pattern (Fig. 1B) . Several studies have implicated uranyl acetate in staining reactions with protein molecules (13) (14) (15) , and it is possible that the differential pattern of staining that makes a hexagonal lattice visible is due to a high density of protein molecules in regular positions in the membrane lattice.
Metal replicas of both surfaces of the membrane show protrusions from the membrane surface in line with the hexagonal lattice ( Fig. 2 B and C) . These seem to be of slightly different shapes, with the particles visible on the outer surface of the membrane being somewhat wider than those on the inner surface. This difference in surface structure seems to be reflected in the image of the membrane obtained from negative staining. The filtered image of the membrane (Fig. 3C) final image, this image reflects a composite of both membrane surfaces. In Fig. 4 1 have illustrated how this might in fact take place, namely, how the membrane images obtained from negative staining might be reconciled with the surface views obtained from shadowing.
Freeze-fracturing presents an initial problem, owing to the fact that the lattice structure is barely visible in freeze-fractured membrane preparations ( Fig. 2A) . However, the regular lattice of the membrane may provide an answer to how such images are obtained. The passage of a fracture plane through the central regions of a biological membrane occurs primarily because this region is held in place under normal circumstances by hydrophobic interactions, which are weakened at low temperatures (8, 16) . One might therefore expect particles to be observed on membrane fracture faces in regions where transmembrane structures are held together by other than hydrophobic forces (such as electrostatic, ionic, and covalent bonds). The organization of regular subunits within the R. mridis thylakoid membrane may be such that strong covalent or electrostatic forces hold together all of the macromolecules making up a single structural unit in the hexagonal lattice, and hydrophobic interactions are important only in maintaining the attachment between neighboring structural units. The fracturing process would then be expected to separate adjacent subunits in a more or less random fashion, leaving a fracture face in which particles were randomly distributed on the hexagonal surface of an underlying membrane.
From each of these approaches a single view of the R. viridis thylakoid membrane is obtained, and by pooling the observations a three-dimensional view of a single membrane subunit can be suggested (Fig. 5) . Using 50 A for the thickness for the membrane and II0 Aas the diameter of the hexagonal unit, a total volume for such a subunit of approximately 390,000 A3 can be calculated. On the basis of an approximate density of 1.4 g/cm3, a mass for the entire subunit of 350,000 daltons is estimated. The polypeptide composition of this membrane is not known at this writing; however, if the R. viridis reaction center polypeptides and light-harvesting components prove to be similar to those of other photosynthetic bacteria, the entire FIG. 5 . Individual subunits within the membrane of this photosynthetic bacterium seem to have sixfold symmetry. An approximate volume for such a structure can be calculated, and a mass of 350,000 daltons can be estimated.
reaction complex of the membrane should be easily contained within each of the structural subunits of the R. viridis thylakoid membrane.
